Introduction
It is now more than 30 years since the movement detector of the so-called correlation-type has been proposed to explain motion perception in insects (Hassenstein and Reichardt 1956; Reichardt 1957 Reichardt , 1961 Reichardt and Varj6 1959; Varj6 1959) . In the meantime, good evidence has been accumulated that this motion detection scheme can also be applied to motion detection in humans (e.g. van Doorn and Koenderink 1982a, b; van Santen and Sperling 1984; Wilson 1985; Baker and Braddick 1985) . The mechanism underlying motion detection is non-linear and local. Roughly speaking, movement detection is based on the multiplication-like interaction of the appropriately filtered signals of neighbouring retinal input channels. During the last years our interest in the basic mechanism underlying movement detection has focused on dynamical aspects and the dependence of the detector output on the structure of the stimulus pattern as well as the properties of twodimensional arrays of movement detectors (Reichardt and Guo 1986; Egelhaaf and Reichardt 1987) . In the present paper we concentrate on the functional properties of individual movement detectors and the significance of spatial integration in representing meaningful information on a moving pattern. Theoretical predictions based on the movement detector theory are compared with corresponding experimental results obtained by evaluating the visually induced yaw torque of flying flies as a convenient indicator for movement perception.
Materials and Methods
The behavioural experiments were carried out with wild type female house-flies Musca domestica (L.) which were obtained from laboratory cultures. The flies were prepared as described by Fermi and Reichardt (1963) . The head of the testflies was fixed to the thorax by a mixture of wax and colophonium; thereby the ocelli were carefully coated. A small triangular piece of cardboard was fixed to the frontal part of the animal's thorax. With this triangle the flies were suspended from a torque compensator which prevented both rotatory and translatory movements of the animal and allowed direct measurement of the in-288 stantaneous yaw torque generated by the fly (e.g. Fermi and Reichardt 1963) . The signals were stored by a signal averager (Princeton, 4202) , transfered to a computer (Apple IIc) and further processed.
The animals were positioned in the centre of a stationary white cylinder with a diameter and height of 70 mm and 57 mm, respectively. The cylinder had two rectangular openings ("slits"); their height amounted to 62 ~ as seen by the fly, their horizontal angular extent to either 8 ~ , 20 ~ , or 40 ~ , respectively. The slits were located symmetrically in front of both eyes, with their centre at + 40 ~ with respect to the fly's frontal midline. The stimulus panorama could be moved around the cylinder. As a consequence, the fly was only exposed to it via the slits. The stimulus pattern consisted of a vertical sinusoidal grating with a spatial wavelength of 40 ~ and a contrast (Imax--Imin)/(Imax + Imi0 of 0.16. It was illuminated from behind by three direct current driven fluorescent ring bulbs. By means of a specially arranged reflection cone the cylinder surrounding the fly was homogeneously illuminated from above.
The computer simulations were carried out on an IBM-AT using the ASYST-software (Macmillan Software Company, Keithley Instruments).
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Fig. 1. Schematic representation of a movement detector and its formal operations. A movement detector consists of two mirrorsymmetrical subunits. In the simplest version of the model the input signal of one branch of each subunit is delayed by a brief time interval ~. In each subunit the delayed signal originating from one retinal location is multiplied with the undelayed signal of the neighbouring input channel. The final detector output is given by the difference of the responses of the two subunits. F(x, t) represents the input signal and Ax the spatial distance of the two movement detector input stages
Functional Representation of a Moving Pattern at the Output of a Movement Detector
A detector of the type as proposed to underly motion detection in insects (Hassenstein and Reichardt 1956; Reichardt 1957 Reichardt , 1961 Reichardt and Varjfi 1959; Varjfi 1959 ) is displayed in Fig. 1 in its most simplified form. It has two input channels which are spatially separated by a small interval Ax. The movement detector is composed of two subunits that are mirror images of each other. These subunits share two input channels that sample the visual field at two neighbouring points in space. F(x,t) represents a onedimensional spatio-temporal luminance pattern, i.e. the luminance varies as a function of the spatial location x and time t. The input signals of a detector, therefore, are F(x, t) and F(x + Ax, t), respectively. The signal of one branch of each subunit is assumed to pass through a linear temporal •ter. For simplicity, this filter will be approximated by a pure delay e. Computer simulations have shown (see Fig. 2 ) that this does not affect the principle conclusions of this paper. In each subunit of the detector the delayed signal coming from one input channel is multiplied with the instantaneous signal of the neighbouring input channel. The final detector output is given by the difference between the two subunit outputs
D(x, t) = F(x, t--e). F(x + Ax, t) --F(x + Ax, t--e). F(x, t).
The output of a single movement detector to an almost arbitrary moving pattern can be represented in a first approximation by the following functional expression
which has been derived previously (Reichardt and Guo 1986 ) and further elaborated in subsequent studies (Egelhaaf and Reichardt 1987; Reichardt 1987) . ds(t)/dt represents the instantaneous pattern velocity, where s(t) is the time-dependent spatial displacement of the pattern. It should be noted that the theoretical approach which led to (2) is based on the assumption that the spatial separation between the detector input channels is infinitesimally small. Roughly speaking, this means that it can only be applied if the spatial wavelength of the stimulus pattern is much larger than the inter-receptor distance. This is, however, not a too restrictive condition for most practical purposes (see Egelhaaf and Reichardt 1987) . This condition is met by the stimulus pattern used in our experiments (see below). From (2) it is obvious that a movement detector of the type discussed here is not a pure velocity sensor. Instead, its output is the product of both the stimulus velocity ds(t)/dt and a term which depends in a complicated non-linear way on the time-dependent detector input function. On the basis of this formalism it has been predicted (Reichardt and Guo 1986;  The stimulus pattern consisted of a sine-wave grating which was first moved to the right and then to the left as is indicated at the upper margin of the diagram. One spatial period of the stimulus pattern is covered by 36 equidistant movement detectors. The spatial distance between the two input stages of a detector amounted to 1/36 of the spatial wavelength. In a the response of only a single movement detector is shown. In b and e there is spatial integration over 18 and 36 detectors which cover ~ of the spatial period or an entire wavelength of the pattern, respectively. In the simulations the modulation amounted to 0.5. Instead of a pure delay, a first-order low-pass was used as movement detector filter in the computer simulations. The instantaneous response of a single detector is sinusoidally modulated and may even signal motion in the wrong direction. When there is spatial integration over increasingly larger detector arrays, the mean response level gradually increases, while the relative amplitude of the modulations decreases. The modulations fmally disappear, when the spatial integration extends over an integer multiple of the spatial wavelength 289 Reichardt 1987 ) that the instantaneous response of a single movement detector, under certain stimulus conditions, can signal the wrong direction of motion, at least for some time. Provided that the stimulus pattern passes the movement detector with a constant velocity this can only happen, if the time-dependent expression in the brackets in (2) reverses its sign. [-This reversal of thee sign of the movement detector response should not be confused with a reversal in sign which can be observed, if the spatial wavelength of the stimulus pattern satisfies the relation 2/(2n + 2). A cp < 2 < 2/(2n + i). Aq~, with n = 0, 1, 2,...; this so-called "geometrical interference" is solely due to the finite distance between the retinal sampling stages (Varjfi 1959; GStz 1964) .] If, for instance, an edge is moved across a detector, the response signalling the proper direction of motion is preceeded or succeeded, depending on the polarity of the edge, by a response component in the wrong direction (see Reichardt and Guo 1986) .
This characteristic property of the movement detector will be further analysed and experimentally challenged in the present study. This will be done here by using a one-dimensional sine-wave grating with a wavelength 2, instead of an edge, moving with a constant velocity ds/dt=-c. With F(x, t)=l + AI sin [-2rc/2 9 (x-ct)] as detector input function one obtains from (2) for the movement detector output
where I and AI designate the mean intensity and modulation, respectively. From this expression it is immediately obvious that the time-dependent movement detector response to a sine-wave grating moving with a constant velocity is sinusoidally modulated. The instantaneous detector response, however, is not always positive. Depending on the pattern contrast it can assume negative values for some time during the response cycle. A single movement detector then signals the wrong direction of motion. This is illustrated by the computer simulations shown in Fig. 2a ; a sine-wave grating first moves to the right, while in the middle of the stimulation cycle it reverses its direction of motion. Although the mean responses during motion from left to right and right to left are positive and negative, respectively, the response profiles cross the zero line. It follows from (3) that only for a pattern contrast of AI/I of 100% the response profiles do not cross the zero line. Spatial integration of movement information over part of the visual field leads to an increasing mean response, while the relative amplitude of the modulations decreases. This is shown in Fig. 2b where spatial integration extends over 1/2 spatial wavelength of the stimulus pattern. The modulations completely vanish, if one integrates over an 290 array of movement detectors which jointly cover with their receptive fields an integer number of spatial wavelengths of the pattern (see Fig. 2c ). This can be derived from (3) where in this case the time-dependent expression disappears.
Finally it should be noted that it is an intrinsic property of movement detectors of the correlation type that they are selective for the direction of motion; irrespective of whether an individual movement detector or an integrated array of detectors is concerned, they mediate the same response profiles to motion in opposite directions, but with an inverted sign (see Fig. 2 ).
Experimental Results
In our experiments the optomotor yaw torque response was used as an indicator for the performance of the movement detection system. Since the optomotor response is driven by the spatially pooled output of large retinotopic arrays of horizontally oriented local movement detectors covering the entire visual field, the response of a single detector can only be studied if spatial integration is prevented in some way. Ideally it would be desirable to stimulate only the two input channels of an individual movement detector. Although this is, in principle, possible (see Kirschfeld 1972; Riehle and Franceschini 1984) , this technique has serious disadvantages, as will be discussed below. Most importantly, if only moderate contrasts are used, the responses to single-detector stimulation are only small and require considerable averaging to be discriminable from the background noise. This problem can be overcome, if instead of only a single detector a large number of movement detectors is stimulated synchronously. In a first approximation, this can be achieved by exposing the eye to the stimulus pattern only via a vertical slit. If the pattern changes only along its horizontal extent and the slit is relatively small as compared to the spatial wavelength of the pattern, the corresponding input channels of different movement detectors which are distributed along the vertical extent of the slit virtually get the same input signals. A larger pattern wavelength, thus, allows one to use a wider slit and, consequently, to get a larger number of almost synchronously stimulated movement detectors involved in the behavioural response. On the other hand, if the spatial wavelength of the stimulus pattern is too large, the phase difference between the two input channels of a single movement detector and, consequently, its response will become too small. The slit width of 1/5 spatial wavelength chosen in our behavioural experiments (see Fig. 3 a) was found to be a good compromise in this respect.
Since the properties of movement detectors were intended to be analysed, stimulus conditions had to be found which allowed the movement detector response to be expressed in the optomotor yaw torque without being affected by processes others than the actual motion detection. This imposed several constraints on the choice of the stimulus conditions used in our behavioural experiments. First, patterns with a relatively low contrast (0.16) were chosen; at higher contrasts non-linearities, such as saturation phenomena in the input channels get involved (Egelhaaf and Borst in preparation) . Second, problems might arise from a kind of low-pass filter somewhere between the spatial integration of the motion detectors in the third visual ganglion of the fly's brain and the motor output (Egelhaaf 1987) . To prevent this filter from modifying the time course of the movement detector output the contrast frequency of the stimulus had to be chosen to be sufficiently small, even if this meant sub-optimal stimulation of the movement detectors. Third, instead of only one slit two slits symmetrically arranged in front of the two eyes were used, while the stimulus pattern was alternately moved clockwise or counterclockwise. This was reasonable, since there is evidence that the yaw torque response is not only controlled by directionally selective motion detectors; there are also response components which are independent of the direction of motion and, thus, are directed towards the position of the stimulus (Pick 1976 ; see also Poggio and Reichardt 1976) . When using two slits, the latter response components can be assumed to cancel each other. Figure 3a illustrates the movement detector response as it manifests itself in our slit paradigm in the optomotor yaw torque. The fly was exposed to a cyclical stimulation programme. At first the pattern was moved clockwise with a constant velocity; then it reversed its direction and moved counter-clockwise in the second half of the stimulation cycle. For reasons of symmetry, this allows to determine the fly's zero level of torque response. Two features of the response profiles should be noted, i)The movement detector response to a sine-wave grating moving with a constant velocity is, in a first approximation, sinusoidally modulated as is predicted by the movement detector theory. This temporal modulation reflects the contrast frequency of the stimulus pattern, ii)The response profiles to clockwise and counter-clockwise motion cross the zero line, although the mean responses are positive and negative, respectively. This, however, means quite in accordance with the model predictions that the instantaneous output of a single movement detector can assume values which signal motion in the wrong direction.
These characteristics of the movement detector response disappear, if there is some sort of spatialintegration over larger arrays of movement detectors. It should be noted that there is good evidence 291 that in the optomotor system of the fly the movement detectors are not integrated linearly but in a highly non-linear way (Reiehardt et al. 1983 ). This, however, does not affect the conclusions to be drawn here. The effect of physiological spatial integration is illustrated in Fig. 3 b and c . With a slit of ~2 spatial wavelength width the sinusoidal modulations of the response are still pronounced but never reach the zero line. When the movement detector response is integrated over even larger detector arrays, the contrast frequency dependent temporal modulations of the response almost disappear. Only the more or less constant response plateaus syndireetional with the direction of motion are seen. This is what has to be expected, if over an integral number of spatial wavelengths is integrated. The residual small sinusoidal modulations of the response profile are due to the sensitivity gradients of the optomotor response within the visual field (e.g. Wehrhahn 1986 ).
Discussion
The time course of the response of movement detectors of the correlation-type has been studied theoretically and experimentally using the visually induced yaw torque of the fly as a behavioural indicator. As has been shown before, the visual system of the house-fly is a convenient model system for studying various visual information processing tasks and, in particular, the principle mechanisms underlying the evaluation of motion from the visual surround (e.g. Reichardt 1986 Reichardt , 1987 . In the present study it has been concluded that the instantaneous response of a single movement detector -even to a stimulus pattern moving with a constant velocity in only one direction -does not directly signal the correct motion. Instead, it is modulated by the spatial phase of the stimulus pattern and may even signal motion in the wrong direction. It is particularly obvious from a recent theoretical formulation of the movement detector response (Reichardt and Guo 1986; Egelhaaf and Reichardt 1987; Reichardt 1987) , which has been used here for the model predictions, that spatial integration over sufficiently large areas of the visual field is a simple means for these temporal modulations of the response to disappear. This prediction turned out to be correct for the motion detection system of the fly as is found in the behavioural measurements of the present study as well as in electrophysiological experiments on large-field motion sensitive neurones in the third visual ganglion (Egelhaaf, unpublished results) .
i Alternative Approaches to Study the Properties of Individual Movement Detectors
The most direct approach to studying the response of individual movement detectors would be to electrophysiologically record from those neurones in the 292 brain which represent the local motion detectors. Although there is cursory evidence for local neurones in the fly's visual system which might play a role in the motion detection process (Mimura 1972; DeVoe and Ockleford 1976; DeVoe 1980) , these cells are relatively small and hard to record from long enough to allow a systematic analysis of their properties. It is, however, interesting to note that the response of some of these units to a moving sine-wave grating is modulated in a way as expected from the detector theory (DeVoe 1980) . This holds also true for certain types of directionally-selective motion-sensitive neurones in the vertebrate visual cortex (e.g. Holub and MortonGibson 1981) . Whether these neurones represent the local motion detectors is not quite clear, and the experimental evidence in this respect is still confusing.
Other studies analysed the local interactions underlying motion detection in a more indirect way. As pioneered by Barlow and Levick (1965) in the rabbit retina spatially integrating units instead of the local movement detectors were recorded from, while it was tried to excite or inhibit single motion detectors with local stimuli simulating apparent motion. In this way spatial integration is avoided and the properties of single movement detectors can, at least in principle, be studied. Due to the ommatidial structure of the insect eye, it is possible to stimulate single photoreceptors individually. This fortunate situation has been exploited to study motion detection by recording from a large-field neurone (Riehle and Franceschini 1984) . The results of this study are as is qualitatively predicted by the movement detector model discussed here, and thus represent a very specific evidence in favour of it.
The present study pursues still another strategy to determine the properties of individual movement detectors. Here the fly could see a one-dimensional stimulus pattern only through a vertical slit, which thus almost prevented spatial integration along the horizontal axis of the eye. We preferred this technique to single receptor stimulation, since it allowed us to use less extreme stimulus conditions. In particular, we used light adapted animals and moderate stimulus contrasts. This turned out to be necessary, since otherwise non-linearities such as saturation phenomena severely alter the time-course of the motion detector response (Egelhaaf unpublished; Egelhaaf and Borst, in preparation) . Moreover, the characteristics of our stimuli were chosen so that the movement detector response could be treated analytically, and thus allowed us to make precise predictions which, subsequently, could be tested in the experiments.
Significance of Spatial Integration
Are the phase-dependent modulations of the movement detector output a characteristic feature of the particular motion detection scheme studied here? In principle, they can be also found in alternative formulations of the motion detector model, if no special measures are taken (see Adelson and Bergen 1985; van Santen and Sperling 1985) . All these models, however, are equivalent to a movement detector of the correlation-type, if this detector is elaborated by appropriate spatio-temporal filters in its input stages (see van Santen and Sperling 1985) . It is true that these "elaborations" affect the specific spatio-temporal transfer characteristic of the specific model implementation, but are not an essential precondition for the movement detector to work properly. Spatial bandpass filters in the input channels of the movement detectors represent one of these auxiliary assumptions. On the basis of neurophysiological (e.g. Baker and Cynader 1986; Emerson et al. 1987 ) and psychophysical (e.g. Pantie et al. 1978; Anderson and Burr 1985) evidence this appears to be adequate, if one is mainly concerned with motion perception in higher vertebrates and man. For the present purpose it is only important to note that this type of filtering virtually eliminates the mean luminance from the input signal. Of course, this is also the case if there is some kind of temporal high-pass filtering in the input channels. From (3) it is immediately clear that completely eliminating the mean luminance from the detector input eliminates the time-dependent modulation in its response to a pattern moving with a constant speed in one direction. The instantaneous output of the individual movement detector, thus, directly signals the correct motion and no spatial integration is required in this case. This is, however, only true as long as there are no non-linearities in the input channels which affect the mean value of the signal. Otherwise, the phasedependent modulations of the movement detector response are almost unavoidable.
Probably the simplest means to get rid of these modulations is either temporal or spatial integration over a sufficiently large retinotopic patch of movement detectors. In case of a periodic stimulus pattern this means that integration has to extend at least over one cycle of either the largest temporal or spatial frequency component in the input signal. The minimum range of integration, thus, depends on the spatial frequency content and velocity of the moving pattern as well as the properties of the spatio-temporal filters in the input channels of the movement detector. This implies that there is some kind of trade-off between the temporal and spatial detail which can be represented by the system evaluating movement information.
Some sort of spatial integration is quite common in cells which mediate information on motion in both vertebrates (e.g. Zeki 1974; Felleman and Kaas 1984) and invertebrates (e.g. Hausen 1984 ). In the latter class of cells it appears that their temporal properties are essentially determined by the time constants of the movement detectors in their input circuitry and that no significant temporal integration takes place (e.g. Egelhaaf and Reichardt 1987) . In man the importance of spatial integration for the evaluation of motion information has been demonstrated in a number of psychophysical studies (e.g. Lappin and Bell 1976; Chang and Julesz 1983) . Temporal integration, on the other hand, has also been shown to play a decisive role in certain motion evaluation tasks. This has been shown, for instance, for the landing system of the house-fly (Borst and Bahde 1986) , in the occular following system of monkeys (e.g. Miles et al. 1986) , and for man in various psychophysical studies (e.g. Burr 1981; van Doom and Koenderink 1984) . Particularly interesting in the present context is the study of van Doom and Koenderink (1984) which revealed that the detectability of coherent motion is gouvemed by a trade-off between the pattern size and the presentation time. It should be emphasized that the terms "spatial" and "temporal integration" are used here only in a colloquial and not in a mathematical sense. For instance, some form of non-linear spatial integration of local motion information has been analysed experimentally and theoretically in large-field neurones in the fly visual system which play a decisive role in the discrimination of objects from their background. These non-linearities can be explained on the basis of a non-linear transformation of the local movement detector output prior to spatial summation (Reichardt et al. 1983; Egelhaaf 1985a, b) . The characteristic properties of spatial integration in the different vertebrate movement sensitive systems are less clear and need to be worked out experimentally and theoretically.
It should be noted, however, that these considerations are only concerned with one dimension of the two-dimensional array of movement detectors subserving the eye and, consequently, with onedimensional stimulus patterns only. In case of a twodimensional movement detector array the situation is much more complex. Even a separate representation of the movement detectors aligned along the horizontal and vertical axis of the eye, respectively, usually does not allow to immediately infer from the local motion measurements the correct direction of motion of the stimulus pattern (Reichardt 1987) . To achieve this goal further information processing stages are certainly required. Some sort of spatial and/or temporal integration appears to be a simple means to obtain a meaningful representation of motion information by eliminating the phase-dependent modulations from the local motion measurements.
